Abstract: A cation-exchange nanofiber poly(vinylidene fluoride) (PVdF) membrane was prepared by a radiation-induced graft polymerization (RIGP) of sodium styrene sulfonate (NaSS) in the presence of the polymerizable access agents in methanol solution. The used polymerizable access agents include styrene, acrylic acid, and vinyl pyrrolidone. The anion-exchange nanofiber PVdF membrane was also prepared by RIGP of glycidyl methacrylate (GMA) and its subsequent chemical modification. The successful preparations of cation-and anion-exchange PVdF membranes were confirmed via SEM, XPS and thermal analysis. The content of the grafting yield, ion-exchange group, and water uptake was in the range of 30.0∼32.3%, 2.81∼3.01 mmol/g and 66.6∼147%, respectively. The proton conductivity at 20 ℃ was in the range of 0.020∼0.053 S/cm. From the result, the prepared ionexchange PVdF membrane can be used as a separator in battery cells.
Introduction
Battery separators for use in electrochemical cell systems desirably possess the following characteristics: [1] [2] [3] 
(i) it
should have spontaneous, uniform and permanent wettable surface in order to accommodate and fully retain the aqueous electrolytic solution 4, 5 and (ii) it should be dimensionally stable, and should not swell or shrink significantly upon introduction of the electrolytic solution. The additional desirable feature of such battery separator is that it presents a minimal electrolytic resistance, preferably a resistance about 100-350 Ω/cm 2 measured in 30% KOH at 1000 Hz at 23 ℃ or resistance even as low as 60 Ω/cm 2 determined by the requirements of a given battery cell. 1 Various battery separators have been designed throughout the years in an attempt to achieve one or more of this desirable advantages. [6] [7] [8] [9] However, the battery separators have not compromised a number of desirable features.
Radiation-induced graft polymerization has been considered as a general method for the modification of the physical and 배터리 분리막을 위한 이온교환형 PVdF 맴브레인의 방사선 그래프트법에 의한 간편한 제조법 김상겸ㆍ류정호ㆍ권해두ㆍ장주환 ㆍ최성호 chemical properties of polymer materials, and is of particular interest for synthesis of the hydrophilic membrane. Polymers such as polyethylene, polypropylene and their copolymer for battery separator require a large electrolyte retention volume, excellent chemical and thermal stability in electrolyte and high electrical conductivity. However, a little has been reported that the radiation-induced graft polymerization of the nanofiber-type membrane using sodium styrene sulfate because sodium is acted as a strong radical scavenger.
In this study, we prepared cation-exchange nanofiber PVdF membranes by RIGP of NaSS in the presence of the polymerizable access agents in methanol solution. Secondly, the anion-exchange nanofiber PVdF membrane was also prepared by RIGP of GMA and its subsequent chemical modification. The prepared ion-exchange membranes were characterized by SEM, XPS, thermal analysis, water content, and ion-exchange group content, respectively. Furthermore, the proton conductivity was examined by Impedance instrument as a function of temperature in order to compare to the commercial Nafion membrane.
Experimental
Reagents. The PVdF with the thickness of the 13.0 μm and density of cal. 1.30 mg/m 2 was washed with methanol and dried in a vacuum oven at 50 ℃ for 12 h. Reagent-grade, sodium styrene sulfate (NaSS), styrene (St), acrylic acid (AAc, 99%), vinyl pyrrolidone (VP), and glycidyl methacrylate (GMA), imidazole, and 1-bromobutane were obtained from Sigma-Aldrich (Korea), and used as received. The other chemicals were reagent grade.
Synthesis of Cation-and Anion-Exchange Nanofiber PVdF
Membrane. Scheme 1 shows the preparation of cation-and anion-exchange nanofiber PVdF membrane by radiationinduced graft polymerization. In detail, the purified PVdF nanofibers were used as the supporting materials for grafting with NaSS including sulfonate group. The PVdF nanofiber (0.5 g), NaSS (0.25 g), and AAc (0.25 g) as polymerizable access agent were mixed in methanol (50 mL). Nitrogen gas was then bubbled through the solution for 30 min to remove oxygen, and the solution was irradiated by γ-rays of Co-60 source under atmospheric pressure and ambient temperature. A total irradiation dose of 30 kGy (a dose rate= 1.0×10 4 Gy/h) was used. The obtained poly(AAc-coNaSS)-g-PVdF membrane was dried in a vacuum oven at 50 ℃, respectively. Other cation-exchange membranes such as poly(St-co-NaSS)-g-PVdF membrane and poly(VPco-NaSS)-g-PVdF membrane were also prepared as similar method. In this study, the degree of grafting is defined as:
where W g and W o denote the weights of the grafted and the ungrafted PVdF nanofiber, respectively.
Secondly, the anion-exchange nanofiber PVdF membrane was prepared as follows: the PVdF nanofiber (0.5 g) and GMA (0.5 g) were mixed in deionzed water (50 mL). Nitrogen gas was bubbled through the solution for 30 min to Evaluation of Ion-Exchange Capacity (mmol/g) and Water
Uptake(%). In cation-exchange PVdF membrane, the content of ion-exchange group was determined from the measurement of total ion-exchange capacity by titration method. 
In anion-exchange PVdF membrane, the bromated-modified PVdF membrane was soaked in 0.5 M AgNO 3 solution at room temperature for 12 h. The precipitated AgBr salts were filtered through filter paper, and then dried in a vacuum oven at 60 ℃. The weight of AgBr salts was measured.
Water uptake was calculated as the ratio of the weight of sorbed water in a given membrane sample to the vacuum dried sample weight as seen in eq. (3). When the sample was fully equilibrated with water, the surface of the membrane sample was quickly wiped using an absorbent paper to remove the excess of water adhering to it and the sample was then weighed.
Where W w and W d are the weights of wet and dried membranes, respectively. The reported values were the mean of at least five measurements.
Proton Conductivity. A four-point probe method was used to measure the proton conductivity of the membranes using home made conductivity cell. The salt-form membranes were converted into acid form by submersing in 0.5 M H 2 SO 4 solution for 16 h, followed by washing with deionized water.
Before the measurement of proton conductivity, the prepared membranes were equilibrated with deionized water.
Complex impedance measurements were carried out in the frequency range 1-8 MHz at 20 ℃, using a ZAHNER IM-6 impedance analyzer. The impedance spectra of membranes can be used to generate Nyquist plots, and the proton conductivity was calculated from the plots. The impedance of each sample was measured five-times to ensure good data reproducibility. The average estimated error was ±5%. MHz at 20 ℃, using a ZAHNER IM-6 impedance analyzer.
Results and Discussion
In a previous paper, 10 cation-exchange hollow fiber membrane was prepared by radiation-induced grafting of styrene onto polyethylene hollow fiber membrane (PHFM) and its subsequent chemical modification. In order to introduce a sulfonic acid group (-SO 3 H), the chlorosulfonic acid (ClSO 3 H) in dichloroethane was reacted with polystyrene-grafted PHFM in the presence of H 2 SO 4 as a catalyst. During the sulfonation of PHFM, the toxic gas and large amounts of waste solution was produced. The introduction of sulfonate group of polymer subtracts may be successfully performed by RIGP when sodium styrene sulfate (NaSS) with a sulfonate group was used. However, when the NaSS without a sulfonate group was used, the RIGP was not actually occurred due to the sodium in NaSS used as a radical scavenger. The RIGP of NaSS can be successfully performed using polymerizable access agents such as styrene, acrylic acid and vinyl pyrrolidone as shown in Scheme 1. in Figure 1(a) , whereas the morphology of poly(St-coNaSS)-g-PVdF was an irregular shape of fibers with a 3.2 μm diameter. In Figure 1 (c), the poly(AAc-co-NaSS)-gPVdF was dramatically changed from independent nanofibers (Figure 1(a) ) to the form of connect neighboring nanofibers.
In Figure 1(d) , the poly(VP-co-NaSS)-g-PVdF was shown as irregular connect morphology form. As these results, the cation-exchange PVdF nanofiber membranes were successfully prepared with the sulfonate group using polymerizable access agents, by one-step reaction.
The XPS analysis was performed to confirm the binding of sulfonate group on the membrane. Binding energy(eV)
폴리머, 제34권 제2호, 2010년 2(d). As a result, the sulfonate group was successfully introduced on to PVdF membrane by radiolytic copolymerization using polymerizable access agents. Figure 3 shows the TGA curve of the cation-exchange PVdF membrane prepared by RIGP. A considerable change in the thermal behavior of PVdF membrane has occurred upon grafting. In Figure 3(b) , the 1st loss in weight at 111 ℃ can be interpreted as the moisture content on the surface.
The grafted (AAc-co-NaSS) weigh loss appears around 300 ℃.
Glycidyl methacrylate (GMA) is one of the monomers which are easily modified into various functional groups. As GMA is polymerized, the epoxy group assists GMA becoming useful for the introduction of various functional groups, such as amines, 11, 12 amino acid, 13 phosphoric acid, 14 and so on. 15 However, the amine with ion-liquid properties has not been reported until now. Table 1 ). After radiation grafting of GMA onto PVdF nanofiber, the amorphous poly(GMA)-g-PVdF nanofiber was observed as shown in Figure 4 (b). After the introduction of ion liquid group onto the poly(GMA)-g-PVdF nanofiber, the morphology was changed the primary texture as shown in Figure 4 Table 1 . (1) The cation-exchange PVdF membrane having sulfonate group was successfully prepared using polymerizable access agents by RIGP.
(2) The anion-exchange PVdF membrane with ion liquid was prepared by RIGP and its subsequent chemical modification.
(3) The ion-exchange PVdF membrane was characterized by grafting yield, water uptake, ion-exchange content, and proton conductivity. As a result, the anion-exchange PVdF membrane among the ion-exchange PVdF membranes has good proton conductivity.
(4) The prepared ion-exchange PVdF membrane by RIGP appears to be good candidates for a battery separator.
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